Abstract. Aberrantly elevated expression levels of histone deacetylase 1 (HDAC1) and vimentin are closely associated with disease progression in hepatocellular carcinoma (HCC). It was previously demonstrated that knocking down expression of HDAC1 resulted in a concurrent decrease in the expression levels of vimentin. However, a causal link between these two proteins has not yet been demonstrated, to the best of our knowledge. In the present study, the association between HDAC1 and vimentin was investigated using an HDAC1 overexpression platform. HDAC1 and vimentin were significantly increased in HCC cells, and HDAC1 overexpression enhanced vimentin mRNA and protein expression levels in an HDAC1 dose-dependent manner. Subsequently, truncation and mutation of a vimentin promoter demonstrated that HDAC1-induced vimentin expression was dependent on a nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) binding site in the vimentin promoter sequence. Furthermore, HDAC1 induced vimentin expression by promoting NF-κB translocation between the cytoplasm and the nucleus, as opposed to modulating the total expression level of vimentin directly. The data in the present study demonstrated that HDAC1 is overexpressed in HCC and that HDAC1 may upregulate vimentin expression through the NF-κB signaling pathway, thus demonstrating a causal link between HDAC1 and vimentin in HCC, and may provide valuable information in understanding the pathogenesis of HCC.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common and frequently fatal malignances worldwide, with a life expectancy of ~6 months from diagnosis (1) (2) (3) . Although treatment options for HCC have improved, at present, resection and transplantation remain the only curative approaches (4) (5) (6) . Advances in curative treatment strategies for HCC are partially being held back by a lack of understanding of the molecular mechanisms surrounding the pathogenesis of HCC. Therefore, elucidating the mechanisms underlying HCC pathogenesis and progression is of significant importance in improving the therapeutic options for HCC.
HCC is typically caused by chronic hepatitis B or C virus infection and, to a lesser extent, through chronic exposure to toxins or hereditary liver diseases (7, 8) . There has been an increase in the identification of disease-associated risk factors, such as histone deacetylases (HDACs) and vimentin, as well as the signaling pathways involved, including activation of the Wnt signaling pathway and inactivation of the cellular tumor antigen p53 signaling pathway (9) . However, the complex nature of this disease has complicated advances in understanding the pathological mechanisms of HCC.
HDACs and histone acetylases together regulate gene expression by histone acetylation and de-acetylation. Aberrant expression of these two enzymes may result in epigenetic alteration and, consequently, dysregulated gene expression (10, 11) . HDAC1 is the most extensively studied HDAC family member, and its expression is increased in a range of different types of cancer, including HCC, prostate cancer and gastric cancer (12) (13) (14) . Furthermore, upregulated expression of HDAC1 has been associated with a decrease in tissue differentiation and decreased survival rates (12, (15) (16) (17) (18) . Vimentin is an intermediate filament protein in the cytoplasm of mesenchymal cells, and has frequently been used as a marker to demonstrate epithelial-mesenchymal transition, which is associated with the progression of cancer (19) . Previous studies have demonstrated that vimentin expression is associated with HCC progression and that the serum vimentin level may serve as an additional marker of HCC, suggesting a role of vimentin protein in HCC pathogenesis (20) (21) (22) .
Although HDAC1 and vimentin are both important factors in HCC pathogenesis and progression, their roles in this disease have usually been studied separately, and whether there are interactions between HDAC1 and vimentin that affect HCC has not been investigated (12, 21) . A previous study demonstrated an association between HDAC1 dysregulation and vimentin expression in HCC (23); however, the underlying mechanisms have not been determined. Whether a causal relationship between HDAC1 and vimentin expression exists was investigated in the present study. The present data may provide valuable information regarding potential therapeutic targets.
Materials and methods
Cell lines, plasmids and small interfering (si)RNAs. The HCC cell line Hep3B and the normal human liver cell line THLE-3 were purchased from The Type Culture Collection of the Chinese Academy of Sciences, (Shanghai, China) and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (both Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), penicillin (100 U/ml), and streptomycin (100 mg/ml) at 37˚C in a humidified incubator containing 5% CO 2 .
Human HDAC1, p65 and p50 gene sequences were amplified from human cDNA library and subcloned into a pcDNA3.1(+) vector (Thermo Fisher Scientific, Inc.). Gene sequences were verified by Sanger sequencing. The control Renilla luciferase reporter gene plasmid and the firefly luciferase reporter gene vector pGL3-Basic were purchased from Promega Corporation, (Madison, WI, USA). The vimentin promoter sequence was amplified from the genome of THLE-3 cells, subcloned into pGL3-Basic and termed '(-800/+72) Vimentin'. Vimentin promoter truncations and mutations at the NF-κB and PEA3 binding sites were performed on the full length (-800/+72)Vimentin and termed '(-725/+72)Vimentin', '(-353/+72)Vimentin', '(-261/+72)Vimentin', (-200/+72) Vimentin, NF-κB MUT and PEA3 MUT, respectively. The sequences of the primers used for plasmid construction are listed in Table I . HDAC1 siRNA (cat. no. sc-29343) and control siRNA (cat. no. sc-37007) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). RT-qPCR was performed as previously described, with certain modifications (24) . The total RNA was extracted from cells using TRIzol ® reagent (Thermo Fisher Scientific, Inc.) and reverse-transcribed into cDNA using Moloney murine leukemia virus reverse transcriptase (M-MLV RT) (Promega Corporation). Total RNA (2 µg) was first mixed with 0.5 µg Oligo(dT) 18 primer and heated to 70˚C for 5 min. After heating, the sample was immediately cooled on ice. Subsequently, 5 µl 5X reaction buffer, 1.25 µl 10 mM dATP, 1.25 µl 10 mM dCTP, 1.25 µl 10 mM dGTP, 1.25 µl 10 mM dTTP, 25 units recombinant RNasin ribonuclease inhibitor (Takara Biotechnology Co., Inc.) and 200 units M-MLV RT (Promega Corporation) were added and mixed, and incubated at 42˚C for 60 min. Subsequently, the vimentin RNA level was quantified using SYBR Green (Bio-Rad Laboratories, Inc., Hercules, CA, USA), with GAPDH as an internal control. The following thermal cycling protocol was used: Polymerase activation and DNA denaturation (95˚C, 1 min); 40 cycles of denaturation (95˚C, 10 sec) and annealing/extension (60˚C, 30 sec), followed by melt-curve analysis (65-95˚C with 0.5˚C increments, 2-5 sec/step). The following primers were used for RT-qPCR. The primers for vimentin were: Forward, 5'-AGG AAA TGG CTC GTC ACC TTC GTG AAT A-3'; reverse, 5'-GGA GTG TCG GTT GTT AAG AAC TAG AGC T-3'. The primers for GAPDH were: Forward, 5'-AGC CAC ATC GCT CAG ACA-3'; reverse, 5'-TGG ACT CCA CGA CGT ACT-3'. The relative vimentin mRNA expression level was calculated using the 2 -ΔΔCq method (25).
Subcellular fractionation. Cell nuclear and cytoplasmic fractions were prepared using NE-PER™ Nuclear and Cytoplasmic Extraction kit (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Cells were harvested and resuspended in DNA endonuclease I-Cre(I) by vortexing for 15 sec. Subsequently, the cell suspension was mixed with CRE II by vortexing for 10 sec and centrifuged at 16,000 x g for 5 min at 4˚C to obtain the cytoplasmic fraction from the supernatant. The insoluble pellet, which contained the nuclear fraction, was resuspended in the nuclear extraction reagent and vortexed for 15 sec. After centrifugation at 16,000 x g for 10 min at 4˚C, the nuclear fraction was obtained from the supernatant.
Western blotting. For analysis using whole cell lysate, cells were harvested and lysed using lysis buffer (Thermo Fisher Scientific, Inc.) supplemented with protease inhibitors (Roche Applied Science, Penzberg, Germany), and mixed with SDS-PAGE loading buffer. For analysis using cytoplasmic and nuclear fractions, prepared fractions were mixed with SDS-PAGE loading buffer directly. Protein concentration was quantified using the Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Inc.) and 20 µg whole cell lysate or 10 µg cytoplasmic and nuclear fractions were separated using a 12% SDS-PAGE gel and transferred onto a PVDF membrane. GAPDH was used as a loading control. Non-specific binding sites on the membrane were blocked with 5% skimmed milk for 1 h at room temperature. The membrane was sequentially incubated with primary and corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies for 2 and 1 h at room temperature, respectively. After extensive washes, immunobands were visualized using ECL substrate (Merck KGaA, Darmstadt, Germany,) under a charge-couple device camera (Bio-Rad Laboratories, Inc., Hercules, CA, USA . All the primary antibodies were used at a 1:1,000 dilution, and all the secondary antibodies were used at a 1:100,000 dilution.
Transfection and luciferase reporter gene activity assay.
The luciferase reporter gene activity assay was performed as previously described with modifications (26) . Cells were first transfected with firefly luciferase reporter gene plasmids with full length vimentin promoter (-800/+72)Vimentin, vimentin truncations (-725/+72)Vimentin, (-353/+72)Vimentin, (-261/+72)Vimentin, (-200/+72)Vimentin, or the vimentin mutations NF-κB MUT or PEA3 MUT, in addition to an HDAC1 plasmid and control Renilla luciferase reporter gene plasmid using Lipofectamine™ 2000, according to the manufacturer's protocol (Thermo Fisher Scientific, Inc.). Cells were incubated for 24 h post transfection, after which they were lysed with lysis buffer and firefly and Renilla luciferase activities were measured using Promega Dual Luciferase Assay kit and the GloMax ® -Multi Detection System, according to the manufacturer's protocol (both from Promega Corporation). The transfection efficiency was normalized to Renilla luciferase activity. For the siRNA knockdown assay, p65 siRNA (sc-29410; Santa Cruz Biotechnology, Inc.) or control siRNA (sc-37007; Santa Cruz Biotechnology, Inc.) at a final concentration of 100 nM was introduced into cells using X-tremeGENE siRNA Transfection Reagent (Roche Applied Science) 24 h prior to plasmid transfection. For the signaling pathway inhibition assay, an NF-κB inhibitor (Celastrol; 300 nM) or Janus kinase (JNK) inhibitor (SP600125; 10 µM; both InvivoGen. Inc., Toulouse, France) was added to the cell culture 4-6 h post transfection. For p65 + p50 co-transfection, plasmids encoding p65 and p50 at a ratio of 1:1 were mixed and transfected into cells using Lipofectamine ® 2000 according to the manufacturer's protocol (Thermo Fisher Scientific. Inc.).
Chromatin immunoprecipitation (ChIP) assay. ChIP analysis was performed using a Pierce™ Magnetic ChIP kit (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. All reagents used were included in the kit unless otherwise stated. Cells were first crosslinked with 1% formaldehyde, lysed with membrane extraction buffer and digested with MNase, and the chromatin smear was obtained by sonication (3x20 sec pulses at 3 W power on ice with a 20-sec incubation on ice between pulses). The obtained chromatin smear was then sequentially incubated with 5 µg of either anti-p65 antibody (cat. no. sc-372; Santa Cruz Biotechnology, Inc.) or normal rabbit IgG overnight at 4˚C and magnetic protein A/G beads for 2 h at 4˚C. Subsequent to washings, precipitated DNA was recovered from magnetic beads with elution buffer and a PCR was performed with Q5 ® High-Fidelity DNA Polymerase (New England BioLabs, Inc., Ipswich, MA, USA) using vimentin promoter-specific primers: Forward primer, 5'-GGG CTC CAT GAG TCA TAT CC-3' and reverse primer, 5'-ATC TGG CTC AAG ACC TTT GC-3'. The following thermal cycling conditions were used: Initial denaturation, 98˚C, 30 sec; 35 of cycles of denaturation (98˚C, 10 sec), annealing (55˚C, 10 sec) and elongation (72˚C, 30 sec); and final extension (72˚C, 2 min).
Statistical analysis. All experiments were repeated three times. Data were presented as mean ± standard deviation. A Student's t test or a one-way analysis of variance with a Student-Newman-Keuls post hoc were used to compare the differences between two groups or three or more groups, respectively. P<0.05 was considered to indicate a statistically significant difference. All statistical analysis was performed with GraphPad PRISM 4.0.3 (GraphPad Software, Inc., La Jolla, CA, USA).
Results

HDAC1 overexpression results in increased vimentin expression.
A previous study demonstrated that HDAC1 downregulation may result in a decrease in vimentin expression in HCC (23) . In the present study, to confirm the association between HDAC1 and vimentin expression in HCC, Table I . Primers used for plasmid construction.
Primer name
Primer sequence Plasmid name
Reverse primer for all the vimentin plasmids
F, forward; R, reverse; N/NF-κB, nuclear factor κ-light-chain-enhancer of activated B cells; P, PEA3; H/HDAC1, histone deacetylase 1; p50, NF-κB p105 subunit; p65, transcription factor p65; MUT, mutant.
the expression of HDAC1 and vimentin in THLE-3 normal liver cells and Hep3B HCC cells were determined. HDAC1 protein expression levels were markedly increased in Hep3B cells compared with THLE-3 cells (Fig. 1A) . Notably, similar to HDAC1, the expression of vimentin also markedly increased in Hep3B cells (Fig. 1A) .
To further investigate whether vimentin expression was associated with HDAC1 expression, THLE-3 cells were transfected with increasing quantities of HDAC1, and the mRNA and protein levels of vimentin were measured. Vimentin mRNA expression levels were increased significantly when ≥1 µg of HDAC1 was transfected (P<0.05; Fig. 1B ). Western blotting demonstrated that vimentin protein expression levels were additionally increased in an HDAC1 dose dependent manner (Fig. 1C) . Together, these data suggested that HDAC1 and vimentin are increased in HCC cells, and HDAC1 expression may upregulate vimentin expression.
An NF-κB transcription factor-binding site in the vimentin promoter is associated with HDAC1-induced vimentin expression.
To determine whether HDAC1 upregulated vimentin expression through the transactivation of a vimentin promoter, luciferase reporter gene plasmids were constructed with gene expression under the control of a full length or a 5-flanking region of a truncated vimentin promoter sequence ( Fig. 2A) , and the activation of these plasmids by HDAC1 was determined. HDAC1 overexpression significantly activated the vimentin promoter (P<0.001 vs. pcDNA3.1; Fig. 2B ). Through the use of truncation mutants, it was demonstrated that HDAC1-mediated activation of the vimentin promoter was abrogated when the sequence between -261 and -200 was removed; suggesting that the sequence in this region was necessary for HDAC1 induced activation (Fig. 2C) .
Based on the bioinformatics analysis performed previously (26) , there is a NF-κB binding site between -261 and -200 (Fig. 2) . To determine whether the NF-κB binding site was involved in the HDAC-1 overexpression-induced vimentin promoter activation, the ability of HDAC1 to activate a full-length vimentin promoter with a mutated NF-κB binding site was determined (Fig. 3A) . As shown in Figure. 3B, HDAC1 overexpression was unable to activate the NF-κB mutated vimentin promoter; however, HDAC1 mediated activation of the vimentin promoter was still significantly increased when the NF-κB neighboring domain, PEA3 was mutated, with a potency similar to (-800/+72)Vimentin. The data presented in 
HDAC1 induces vimentin expression through the NF-κB signaling pathway.
To determine whether HDAC1 overexpression could promote NF-κB binding with the vimentin promoter, a ChIP assay was performed. The vimentin promoter sequence was not pulled down by an anti-p65 antibody when HDAC1 was not overexpressed. However, following HDAC1 overexpression, the vimentin promoter sequence was detected in the anti-p65 antibody pull-down, indicating that HDAC1 overexpression could result in the binding of NF-κB with the vimentin promoter (Fig. 4A) . The control immunoglobulin G antibody did not result in a pull-down of the vimentin promoter sequence irrespective of HDAC1 expression (Fig. 4A) .
To confirm the participation of NF-κB in HDAC1 overexpression-induced vimentin expression, a p65 knockdown by siRNA interference was performed. p65 siRNA knockdown efficiency was first confirmed by western blotting (Fig. 4B) . p65 knockdown abrogated the activation of the vimentin promoter by HDAC1 overexpression (P<0.05), whereas control siRNA interference had no effect (P>0.05; Fig. 4C ). NF-κB overexpression may increase the protein expression levels of all the NF-κB forms, including the unphosphorylated form in the cytoplasm and the phosphorylated form in the nucleus (27) , and the increase of phosphorylated NF-κB may enhance vimentin expression. Therefore, the role of NF-κB overexpression on the transactivation of vimentin was investigated. The results demonstrated that NF-κB (p65+p50) overexpression could activate the vimentin promoter (P<0.01; Fig. 4D ).
To investigate the involvement of the NF-κB signaling pathway in HDAC1 overexpression-induced vimentin expression, a signaling pathway inhibition assay was performed. Vimentin promoter activation was significantly decreased when NF-κB inhibitor (P<0.001), but not JNK inhibitor, was added (Fig. 4E) . Taken together, these data indicated that HDAC1 overexpression-induced vimentin upregulation via the NF-κB signaling pathway.
HDAC-1 induces NF-κB translocation from the cytoplasm into the nucleus.
As the NF-κB signaling pathway was modulated in HDAC1-induced vimentin expression, the impact of HDAC1 overexpression on NF-κB expression and translocation was subsequently investigated. First, the whole cell lysate of THLE-3 cells with or without HDAC1 overexpression were tested for p65 expression. As presented in Fig. 5A , p65 expression did not demonstrate any apparent alterations in expression before or after HDAC1 overexpression. The cytoplasmic and nucleic fractions were further separated and the expression levels of p65 in both fractions were determined. p65 was present in both fractions when HDAC1 was not overexpressed (Fig. 5B) . However, when HDAC1 was overexpressed, a near complete translocation of p65 from the cytoplasm into the nucleus was observed, indicating that HDAC1 overexpression modulates the NF-κB signaling pathway by promoting NF-κB translocation from the cytoplasm into the nucleus.
Together, these data demonstrated that HDAC1 is overexpressed in HCC and this HDAC1 overexpression could upregulate vimentin expression through the NF-κB signaling pathway. The present study demonstrated a causal relationship between HDAC1 and vimentin in HCC, providing valuable information for understanding the pathogenesis of HCC, as well as serving as potential targets for the treatment of HCC.
Discussion
HDACs are enzymes involved in the transcriptional regulation of genes; the expression of HDACs is increased in a number of different types of tumors, including HCC, prostate cancer and gastric cancer (12) (13) (14) and HDAC inhibitors are effective in suppressing tumor growth at an early stage (28) . In HCC, the best studied HDAC family member is HDAC1, which is expressed at aberrantly high levels in HCC cells (29, 30) . Vimentin, one of the most widely expressed type III intermediate filament proteins, is significantly increased in a number of different types of solid tumors and is regularly used as a marker for epithelial-mesenchymal transition, a process closely associated with tumor progression (31) . In HCC, the association of elevated vimentin expression with tumor development, especially metastasis, has been widely studied and the serum vimentin expression level is used as a marker for HCC (21, 22, 32, 33) . Although HDAC1 and vimentin have been widely studied in HCC and other tumors, the association between them has not been investigated, to the best of our knowledge. A previous study demonstrated that downregulation of HDAC1 resulted in a decrease of vimentin expression, indicating a potential link between these two proteins. In the present study a causal relationship was confirmed between HDAC1 and vimentin. Furthermore, the signaling pathway responsible for the HDAC1 overexpression-induced vimentin expression was identified. The findings of our current study would not only provide information for the understanding of the pathogenesis of HCC, but also provide potential targets for this disease or possibly other solid tumors.
There are 18 known HDACs in mammals and the majority of them have been associated with tumor progression, and HDACs have been demonstrated to function distinctively in cancer cells (34, 35) . For example, HDAC2, but not HDAC1, has a suppressive effect on cell growth in breast cells (34) . Additionally, knockdown of HDAC1 and HDAC2 may exert differing effects on cell survival (35) . In HCC, HDAC1 and HDAC2 are both associated with tumor growth (28) . However, HDAC1 and HDAC2 possess a high degree of resemblance in their genomic sequence (36) . Therefore, it may be interesting to investigate, albeit beyond the scope of the present study, Figure 5 . HDAC1 overexpression results in NF-κB translocation from cytoplasm into nucleus. THLE-3 cells transfected with or without HDAC1 for 24 h, and then (A) whole cell lysate (B) cytoplasmic and (C) nucleic fractions were separated for western blotting to determine p65 expression. HDAC1, histone deacetylase 1; NF-κB, nuclear factor κ-light-chain-enhancer of activated B cells; p65, transcription factor p65.
whether HDAC2 has an effect on vimentin expression and whether the effect is different from that of HDAC1, as well as the potential mechanisms.
Regulation of vimentin expression has been investigated by other studies and different signaling pathways are involved under different circumstances. In IL-6-promoted head and neck tumor metastasis, vimentin expression is activated through the JAK/STAT3/SNAIL signaling pathway (37) , while in tubular epithelial cells, hypoxia-induced vimentin expression is mediated through the Notch signaling pathway (38) . TGF-β1 regulates vimentin expression in skeletal myogenic cells through a signaling pathway involving Smad/AP1/SP1 (24) . In the present study, HDAC1 overexpression-induced vimentin expression in HCC cells was through the NF-κB signaling pathway. Given the complex regulation network surrounding vimentin expression (39) , whether the NF-κB signaling pathway is also responsible for vimentin expression in other tumors remains to be determined.
Together, the present study demonstrated that HDAC1 is overexpressed in HCC and that HDAC1 overexpression could upregulate vimentin expression through the NF-κB signaling pathway in HCC cells. Furthermore a causal relationship between HDAC1 and vimentin in HCC was identified, which may improve our understanding of HCC pathogenesis, as well as identifying potential targets for HCC treatment.
